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Suppression of superconductivity by the nonmagnetic ions Zn and Al for the YBgCu30,_s
system: From dopant clusters to carrier localization
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To clarify the suppressing mechanism of Zn and Al substitution on Tighuperconductivity, positron
annihilation experiment and simulated calculation are used to study systemically the
YBa,Cusz_(Zn, Al),O;_s (x=0.0—0.4 cuprates. The results show that Zn doping ions prefer to combine into
the cluster of seven ions with a double square and Al doping ions prefer to form six-ion-cluster with a hexamer
structure, respectively. These clusters, especially for Zn, would evidently influence the positron annihilation
characteristics, which can be seen from the variatiomgivith Zn contentx in the clustering process,
displays an abrupt change as the impurity phases appear in both Zn and Al doping systems. From the doping
process, Zn ions occupy @) sites in the Cu@planes and make the change of electron structure, resulting in
the carrier localization. As a result, it interferes the pairing and transportation of superconducting carriers and
then suppresses the superconductivity with the formation of Zn clusters. While Al ions efffgrs@es in the
Cu-O chains, they induce the localization of hole carriers and weaken the function of carrier reservoir by
forming clusters. Therefore, the carriers cannot easily transfer to the gla@es. Since Al doping does not
affect the pairing and transportation directly, it suppresses the superconductivity weakly than Zn doping. The
effect of pairing and transportation of carriers on charge transfer is also discussed.

DOI: 10.1103/PhysRevB.69.224517 PACS nuni®er74.72.Bk, 78.70.Bj

I. INTRODUCTION semiconductor, metal, alloy, and high-cuprates eté®1°
For high-T. superconductors, there have been some positron
In the cuprate superconductors, a ¥Ba&0;-; (YBCO)  gdies to elucidate the properties of the normal and super-
system has the typical Cy®lane and the Cu-O chain struc- conducting states, including the Fermi surface, O-T transi-
ture, thus it is an ideal object in the basic research and atjon, electron structure, and the carrier distributigg In
tracts a lot of attentioh? In order to clarify the physical the present work, we studied systematically ¥8a,0,_;
mechanism of highTl, superconductivity, element substitu- \ith Al and Zn substitution by the PAT experiment and
tion plays an important role in the investigation of cuprategimulated calculation using Islam and Ananthamohan
superconductor¥:® As nonmagnetic ions, Zn and Al have method? The results indicate that doping Zn and Al ions
different doping behaviors in YBCO systems, namely, Znmay combine into two, four, six, or seven ions clusters. From
substituting for C(2)” while Al for Cu(1) sites?®According  probability, Zn prefer to gather into seven ions cluster with a
to the magnetic break-pair, both substitutions should not ingouble square structure and Al form six ions cluster with a
duce the effect of break-pair. Therefore they should be lesgexamer structure. All of them cause the variation of electron
prominent than magnetic ions to influence the superconduGstrycture and the carrier localization. The superconducting
tivity. However, experimental results violate the theoretiCe|ectron pairing and transportation are also affected in differ-
predictions. As bivalent ion, Zn doping suppresses forcefullyent manners and extents. These characteristics are consistent

the superconductivity, whereas Al as trivalent doped ionsyith the results of PAT experiments and the variation of
affects superconductivity less than #h'* As far as both  superconductivity.

manners in influence on the superconductivity, most re-
searchers believe the CyQ@lanes are places where the su-
perconductivity occur$?~*>Once some doped ions enter the
CuG, planes the superconductivity will be suppressed se- The experimental samples with nominal composition of
verely, such as Zn doping. While the Cu-O chains and othe¥Ba,Cu;_,M,O, (M=Zn, Al; x=0-0.4 were prepared by
layers play the role of carrier reservoirs, which affects indi-solid-state reactions from appropriate amounts of high purity
rectly the superconductivity, thus little doped Al ions do notY,0;, BaCQ;, CuO, ZnO, and AlO;. The starting materials
evidently influence orT,, and for larger Al content, the su- were mixed, ground, and calcined first at 920°C for 12 h.
perconductivity will be suppressed. Then, the obtained precursors were reground, pressed to pel-
In order to understand the suppression mechanism on siets, and sintered at 920°C for 24 h followed by furnace
perconductivity by the nonmagnetic ions in different dopingcooling. The resistivity was measured by the standard dc
sites, we should distinguish the occupied sites, the distribufour-probe method with the voltage resolution of 1
tion of doping ions, and the change of electron structures. ABHP3457A. The structure of the samples were analyzed by
an effective probe to the microstructures, defects and phaske powder x-ray diffraction(XRD, Cu-K,) using the
transition, positron annihilation techniqu®AT) plays an D/maxB x-ray diffractometer. For the YB&u;O,_4
important role in the study on condensed matter, includingloping-free(T.=93.0 K) and low doping sample, the XRD

II. EXPERIMENT
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TABLE |. Experimental results of positron annihilation parameters for Zn and Al dopedGiB®,_s; systems.

Zn content 0.0 0.02 0.04 0.08 0.1 0.12 0.2 0.3 0.4

71 (pS 195+3.9 195+3.9 189+3.8 182+3.6 184+3.7 189+3.8 184+3.7 185+3.7 182+3.6
75 (P9 544422 541422 561+22 554+22 551+22 556+22 528+21 557+22 553+22

11 (%) 91.2+1.82 87.3+1.74 86.2+1.72 86.7+1.73 87.8+1.74 87.9+1.74 86.4+1.72 87.7+1.75 86.7+1.73
Al content 0.0 0.05 0.1 0.15 0.2 0.3 0.4

71 (pS) 195+3.9 196+3.8 197+3.9 203+3.8 206+3.6 201+£3.7 205+3.6

75 (P9 544+22 581+22 553+22 552+22 549+21 565+22 557+22

11 (%) 91.2+1.82 94.0+£1.76 92.2+1.8 91.9+1.75 92.1+1.73 93.3+1.76 92.8+1.74

results show single Y123 orthorhombic structure. With thex=0.4,T, is only 15.7 K. In contrast, for Al substitution, the
increasing of substitution content, few unidentified peaks apT. changes slightly to 91.5 K a=0.1, while for the maxi-
pear with very weak intensity at=0.12 for Zn andx mum substitutionx=0.4, T, is still 42.5 K. Obviously, Zn
=0.20 for Al, respectively. The positron lifetime spectra substitution suppresses superconductivity much more than
were measured at a constant temperaf@f:0.5°Q using Al does.

the ORTEG100U fast-fast coincidence lifetime spectrom-

eter. Two pieces of identical samples were sandwiched to- [T ' ' ' ' ' ' ' '
gether with a 1QuC ??Na positron source deposited on a thin
Mylar foil (about 1.2 mg/crh thicknes$. Each spectrum 389 - o _— .
contains more than % 10° counts. After subtracting back- I PO

ground and source contributions, the lifetime spectra were & o—O
analyzed with two-lifetime components by tReSITRONFIT-
EXTENDED program with the best fity?<1.2). The positron
lifetime spectra are measured at the same environmental tem-
perature for all the samples and the results are repeatable.
Table | lists the positron experimental results of Zn and Al
doping systems.
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Ill. RESULTS AND DISCUSSION \ \ \ . 1 . A . 1

A. Effect of Zn and Al doping on structure

and superconductivity Zn content X

()
Figure 1 gives the change of lattice parameters with dop-
ing contentx, which was calculated by the least-squares 387F ' T " T " T " ]
method from powder XRD data. From Fig(al, it can be L O
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seen that the lattice parameteandb increase slightly with 3.86 | O\ .
the increase of Zn content, but O-T transition does not I o)

occur in the whole doping range of=0-0.4 while the

O-T transition occurs near=0.15 for Al doping. Generally,

the O-T transition is induced from the oxygen content in the

Cu-0O chains. Thus the variation of lattice parameteasidb P

imply that Al doping ions enter mainly Q) sites, which is o 1
consistent with the Hoffmanet al® and the Bringleyet al?’ |

results. It should be noticed that the O-T transition occurs /

before the appearance of impurity phases, which reflects the

intrinsic properties of Al doping Y123 systems. For the same

reason, the results of lattice parameters show that zn doping 8" 5001 o2 o3 o4

ions would mainly enter Q@) sites in the Cu@planes?®-30 Al content x

It is well known that the superconductivity occurs in the )

CuG, planes, which implies that the superconductivity sup-

pressed by Zn doping should be stronger than Al doping. FIG. 1. (a) Lattice parameters as a function of Zn doping con-
Figure 2 shows the variation @t as a function of Zn and Al tentx. O-T transition does not occur in the range of whole doping.
contentx. For the undoped Y123 compounif,is 93 K, and  (b) Lattice parameters as a function of Zn doping conten®-T
then T, falls to 72.3 K for Zn content ok=0.1, while for transition occurs near=0.15.
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FIG. 3. The reduced electron densityas a function of Zn and
FIG. 2. Critical temperatur@, versus Zn and Al content Al contentx.

B. Change of positron lifetime and local electron density maximum beforex=0.1, a_fter an abr_upt drop at=0.12,n,
gradually goes up to a high saturation value. On the whole,
ne increases with the increasing Zn contgntn contrast, the

; ) local electron densityn, decreases for Al doping. It de-
528-561 ps for Zn doping Y123 systems. While for Al dop- creases evidently untd=0.20 and exhibits a fluctuation fea-

ing, 7, varies from 195 to 206 ps ang from 549 t0 602 ps. .ture abovex=0.2. Significantly, bothn, display an abrupt

These results are typical characteristics in the Ceram"&hange near the impurity phases appearing, namely, at

1 i - . . .
samples’; 33Accord|ng to the_ model . qf _the_ wo-state _q 95 for zn doping anat=0.20 for Al doping, respectively.
capture?>*the process of positron annihilation is attributed This characteristic reveals the intrinsic correlation between

to free-state anq trapping-state apn|hllat|on n condense ositron lifetime and impurity phases. On the other hand, this
matters. The positron lifetime is defined as the inverse of th

S - . dicates the reliability of the present experimental results.
annihilation rate. The short lifetime; reflects mainly the y P P

- oL For the undoped Y123 systems, the relevant researches
chara(_:terlstlc_s of free-sta’ge gnn|h|lat|on for th_e perfect “YShave proved that positron density distribution is not unifor-
tal lattice, while the long lifetimer, reveals mainly the pro-

. . . . mity inside the materials. Because positrons prefer to anni-
cess of positrons capture at imperfect regions, which may b i, oxygen imperfection are&s36there is a high anni-
divided into the bulk imperfects and microvoids. The former, . ~ii0- " (ate in the Cu-O Chaiﬁé’,gzl According to the
includes the cation deficiency, oxygen vacancy, twin bound'structural characteristic and charge distribution in

ary, dislocation, and so on. In general, the lifetime paramete{(E,n,leCugoHS systems, it is considered that the hole carriers

7, originates from these imperfects. The latter as miCrOVOid%riginate from the Cu-O chains as a part of carrier reservoirs.
denotes a longer lifetime tha"% sometimes one designates g process is as follows: Once introduced into the Cu-O
It as 73, generally 7,>800 p.sz’ this parameter is not '€ chains, every oxygen ion will attract two electrons for the
cordgd in the present experiment and would not. be. ans'd’rgequirement of the charge equilibrium. Meanwhile, two holes
ered in th_e present work. Herg and 7, reveal the intrinsic pear in the Cu-O chain region. On the whole, half of the
characte_rl_stlt_:s of the samples. Hence, the relatlo_n b_etweeﬁﬁles are absorbed by Q) ions, namely, C(L) changes
;heiifgg'zgafgﬁgv\::_ta\ and the local electron density is from +1 into_ +2 valence; half of the remaining holes stay in
' the reservoir layer, and the re@ine fourth of the holes
A= wrgcne, (1) transfer to the Cu@ plane region. Therefore, the average
, , ) i , valence state of Cu ion is generally +2.25 in the GuO
wherer, is the classical electron radius awds the light plane3” where the valence electron density is smaller than
veIocity. Wh"e)\:l/Tbu”(, and the bulk Iifetimerbu|k can be that in the Cu-O chain. For doped YBCO systems, once
calculated from't:3¢ doped ions enter the Cu-O chains, oxygen imperfections will
1 I, 1 lessen, which drives a part of positrons transfer to the £LuO
=—+—. (2) planes, the annihilation spectra will exhibit an increase in
lifetime, i.e., the local electron density should decrease as
Wherel,, the intensity of short lifetime, denotes the propor- the increase of Al doping. On the contrary, while entering the
tion of free-state annihilation to total annihilation everts; CuO, planes, doped ions will attract positrons to annihilate
denotes the corresponding proportion as the intensity of longn the CuQ planes, as Zn ions do. The Jeetral. calculation
lifetime andl,=1-1,. Figure 3 shows the reduced electron about the effect of Zn doping displays the same characteris-
densityn, varies with Zn and Al content. For Zn dopingn,  tics in the normal stat¥. Therefore n, should decrease like-
decreases slightly as<0.02, then it increases rapidly to the wise. However, the actual process is possibly much more

From Table I it can be seen that the short lifetimevaries
in the range of 182-195 ps and the long lifetimedoes

Touk 71 T2
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complicated, this is why the bivalence doped ions distinguish e 2. B g ¢ g =

markedly from the trivalence ions in the influence on posi- ; OIZ e v?, o :O ; ¢ ; © ; [b

tron lifetimes: Al ions enter the Cu-O chains and drives in- #0je0 e sol08 O8O a
. . o] Ola) O o} o} o o}

cessantly positrons to the Cy@lanes, whether the ions $CS0OB OB OBOBOS

gather into clusters or not. But the case of Zn doping is not - org‘a‘%. 58 @ Cu(2)

so simple, because the positrons are attracted into they CuO o o o o v d o o

planes and annihilated directly around the doped ions, the M

distribution of these ions will strongly influence the positron s+os080logececs ° In

lifetimes. Single doped ions cannot create oxygen vacancies, $OSOAOROROR TS v Fan

so positrons annihilate simply in the Cyp@lanes. Once @ o @ ©o o O <

gathering into clusters, the doped ions can make the vacan- (@)

cies as imperfections, where positrons prefer to annihilate as B & B & & & B

above. Moreover, the doped ions show 0.25 valences lower ¢ e olmoosl e e b

than Cu; valence electrons lose less. Significantly, these ions : {2 o EI mel o 2

possibly induce holes’ escape from oxygen iéh3’ these o "L, T o o o .

two factors determine that the average density of valence >y 2

electrons should be larger within clusters than in the £uO « & & & 006 e & Cu(l)

planes. The calculation results of Jenstal*° and Bharathi & & @ 5 0.8 % 5

et al*! show that about 90% of positrons annihilate with the °© o o lo Gge o

valence electrons, only about 10% of positrons annihilate ; ; ; Lo ; :

with the electrons within the atomic kernel. As a result, once ; ; ; ; ; ; ;

the doped ions enter the CyPlanes and form clusters, pos- ®)

itrons prefer to annihilate within the clusters with higher den-
sity of valence electrons, naturally, will show an increased FIG. 4. (a) The doping Zn ions enter C2) sites in the Cu@
trend. This conforms to the Jeast al. results, namely, at pjane regions and gather into the ion cluste@: hexamer,(b)
room temperature, the bulk lifetims, exhibits a decreased gouble square(b) The doping Al ions enter Qa) sites in the
trend with doping contenx increases from 0 to 0.0%.In  Cu-O chain regions and gather into ion clustégy:hexamer,(b)
fact, the above conclusion is reasonable also to +3 valencgouble square.

ion clusters, in which there is only lower average density of

valence electrons, if positrons annihilate within such clustersyg; yhe calculated results of several clusters. For clusters, for

Me should de_crease. But positrons do not prefer to anr!'h'l""t%xample, a cluster of four Zn ions as tetramer is described as

within such ion clusters due to lack of oxygen vacancies. If{4Zn2+—>4CuZ-25+—Oz‘} the meaning is four Z4 ions sub-

doped ions enter Q@) and Cu2) sites at the same time@e it tion for four CF25* ions, and then an © ion will be

should be influenced by both the above two factors. squeezed out of the tetramer. It has the following binding
energyEging:

C. Simulated calculations for total defect and binding energy
Eping= Ep1(4Zr?* — 4CLP25*— O%)

In order to understand how the doped ions enter the dif- - s .
ferent Cu sites, simulations were made in the present work. — 4Epy(Zn?* — CUP2>) + Eyg(07), (4)

The calculations are based on the crystal lattice structurgﬁhereEbl Eyp, andEy are all represented b=, . Ey
with energy minimization principle and formulated within ;o o totél bil’qding energy of a cluste, is the blgnding
the framework of the Born model, in which the effective energy of a ZA* substitution for a C&#25* ion, andEg is the

pairwise potentials represent the interatomic forces in the

following form:
9 TABLE Il. The total defect energy of Zi-oxygen vacancies

7.7.€? I C: and the average binding energy per ion in the gpl@anes, where
cDij = 4_|Jr_ +AijeXP{‘ _IL} - FI-,La ) E, (eV) is total defect binding energy in a cluster, and
et Pi ] Emaen(€V/ion) is the average binding energy per doped ion.
where®;; is the effective potentials between ioand ionj;
Z; andZ; are ion valencesy; is the distance between ian En Emaen
and ionj; A;j, C;j, andp;; are the relative character constants. Cluster structure (ev) (eV/ion)
The first term is the long-range Coulomb interaction; the_ _
remaining terms represen%[l the ghort-range interaction and t émmer{22n2++_’zc'}'225;n° 202 }_ —81.15 167
shielded revisioR® Due to the demand of charge equilib- Tetramer{4ZP* — 4CW*#'~0} linear  -59.32  -1.49
rium, single doped ion cannot change copper-oxygen coordiletramer4Zr?* — 4Cl#-*>*-0%} square  -60.91  -1.64
nation, which may be carried out by the proper ion clusteretramer{4Zr** —4C#%*-0?} zigzag ~ -59.03  -1.36
in electric neutrality. The neutral clusters may show severaHexamer{6Zn?*— 6CL>25*- 20?7} -97.26 -1.68
structures, of which two kinds of typical shapes are illus-Hexamer{6zr?*— 6C?25*- 0?7} -108.55 -1.75

trated in Fig. 4a) in the CuQ planes for Zn doping and Fig. popie squard7z?*—7CIE5*-202)  -122.97  -1.78
4(b) in the Cu-O chain layers for Al doping. Tables Il and IlI
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TABLE lII. The total defect energy of Af—interstitial oxygen  is observed as above. Obviously, PAT experiments support
and the average binding energy per ion in the Cu-O chains, wherghe clustering concept. In fact, this concept can be proved by
Ep1 (eV) is total defect binding energy in a cluster, and the decrease of oxygen content with the increase of Zn dop-

Emaen(eV/ion) is the average binding energy per doped ion. ing ions1® because single Zn ion cannot drive out an oxygen
ion from the crystal lattices. During the doping process, Zn
En Emaen ions substitute mainly for G@) sites in the Cu@ planes,
Cluster structure (ev)  (eVlion  \here does occur the superconductivity, these doped ions
Dimmer {2A13* — 2C12*+ 0%} -73.37 —2.73 make the change of electron structure and the carriers are

strongly localized'?*3and therefore interfere the pairing and

Tetramer{4AI3* — 4CW?*+ 20?7} linear -144.03 -2.25 X : X

B 4CP*+207) square  -145.04  -2.71 transportation of superconducting carriers, the superconduc-
Tetramer{4Al™ — q : : tivity is suppressed more dramatically with the formation of
Tetramer{4AI3* - 4C#*+2077} zigzag  -143.18  -2.10 7 jon clusters.
Hexamer{6AI®* — 6CLP*+40%} -239.29 -2.85 In contrast to Zn doping, with increasing Al conteqin,
Double squard7AI3*— 7CUE +40%7} -265.41 -2.81 decreases monotonically. As +3 valence ion, Al easily enters

Cu(1) site in the Cu-O chathand requires more oxygen for
coordination. When two Al ions form a small cluster, they
binding energy of a lost & ion, while every doping ion has will carry an extra oxygen ion into the Cu-O chains, where
the average binding energ¥yeo=Eping/4. Other clusters the oxygen vacancies decrease correspondingly, and a part of
may likewise be described and calculated. As is well knownpositrons shift from the Cu-O chains to the Gu@anes. An
the larger the average binding energy, the more stable thiecrease in lifetime is observed if positrons annihilate in the
cluster combines. Consequently, the doped ions should pref@uO, planes, thus the local electron density decreases
to form the cluster with the largest average binding energy. luntil x=0.20. At the same time, the doped Al ions slightly
can be concluded from the results listed in Tables Il and Illsuppress the superconductivity. After the impurity phase ap-
that the doped Al ions prefer to form hexamer clusters, whilepears forx=0.2, n, fluctuates markedly, perhaps because a
the doped Zn ions of double square clusters have the largeptrt of Al ions enter the CuQplanes. ThereforeT, is de-
probability. pressed more quicklyFig. 3). Consequently, the change of
local electron density, should reflect the intrinsic charac-
_ o teristics for Al doping YBCO systems. Significantly, it is Al
D. From dopant clusters to carrier localization ion clusters that bring the extra oxygen ions into the Cu-O
It is well known that for doped Y123 systems, Zn ions chains, while single Al ion itself cannot do these. In terms of
occupy Cu2) sites. As a nonmagnetic ion, Zn doping not the calculated results and the valence analysis as above, Al
only destroys the antiferromagnetic order in the Gp@nes ions should gather into clusters, which is proved by the fact
but also causes the change in electron structure around tfat the increase of oxygen content with Al ions increasthg.
doped Zn ions. As the above statements, the doped Zn ion&hether the doped Al ions form clusters or not, positron
make positrons prefer to annihilate in the C%u@anes, lifetimes are not influenced probably, but the electronic
where the electron density is smaller than that in the Cu-Gtructure of the Cu-O chains are influenced by the clusters.
chains. While the Zn doping content is smalk0.02,n,  Therefore, we emphasize the Al doping ion clusters. Al dop-
should decrease, this feature is shown in Fig. 3. With théng may influence the superconductivity in the following
increase of Zn content, the ions gather into clusters and prévay: When two Al ions as the smallest cluster carry an oxy-
fer to create oxygen vacancies, which can be confirmed frorgen ion into the Cu-O chains, due to the charge equilibrium
the relevant experiments that oxygen content decreasd¥tween Al and oxygen ions, superabundant holes cannot be
gradually!® These vacancies attract positrons to annihilategenerated, the holes as carriers decrease gradually with in-
within the clusters with the higher density of valence elec-creasing Al content. Along with the formation of larger clus-
trons, thus, increases gradually. At the same time, the clust€rs, hole carriers are restricted or localized in the Cu-O
ters suppress the Superconductivity Strong|y_ Whe.12, chains. Namely, there are not enough holes to be transferred
in terms of XRD results, impurity phases appear in the dopedo the Cu@ planes, which weakens the function of carrier
cuprates. In this case, it may be very complex that how zZrfe€servoir and suppresses the superconductivity. Therefore, Al
ions occupy different sites and where the positron would b@loping affects indirectly the pairing and transportation of
annihilated. But Zn ions strongly suppress the superconducarriers. Accordingly, Al doping depress&g weakly than
tivity, namely, theT, is depressed fast before=0.20. Zn  Zn doping in YBCO systems.
ions in impurity phases do not stay in the Gu@anes, thus
the ability of depressing, becomes weakening as shown in IV. CONCLUSIONS
Fig. 3. In a word, the clusters may significantly influence the
positron annihilation characteristics. For example, the local The  highT. cuprates YBgCu;(Zn,Al),O7 5 (X
electronic density, varies in complexity with the Zn doped =0.0-0.4 have been systemically studied by the positron
content, which may get a satisfactory explanation from theannihilation technique, x-ray diffraction, and the simulated
clustering process. Without clusters, should decrease calculation. The results indicate that both doping Zn and Al
monotonically, because Zn doping makes more positrons anens would combine into the different clusters of two, four,
nihilating in the CuQ planes, where an increase in lifetime six, or seven ions. These ions prefer to form the cluster of
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seven ions as double square and six ions as hexamer, respég-clusters. Hence, the hole carriers cannot easily transfer to
tively. The variation of local electron density, with Zn  the CuQ planes. The pairing and transportation of carriers
contentx can be explained from the clustering process. Inare affected indirectly, and the superconductivity is sup-
both casesn, display an abrupt change near the appearancgressed weaker than the case of Zn doping.

of impurity phases in the Zn and Al doping systems. This

characteristic reveals the intrinsic correlation between posi-

tron lifetime and the impurity phases. The doping Zn ions

occupy Ci2) sites in the Cu@planes, where the supercon- ACKNOWLEDGMENTS
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